The objective of this study was to evaluate whether different severities of short-term feed restriction (FR) affect the absorptive function of the reticulo-rumen and total tract barrier function in beef cattle. Eighteen ruminally cannulated and ovariectomized Angus × Hereford heifers were blocked by BW into 3 blocks, with blocks conducted sequentially. Treatments were imposed during the 5-d FR period by restricting heifers to 75 (FR75), 50 (FR50) or 25% (FR25) of the ad libitum feed intake measured during a 5-d baseline period (BASE) occurring immediately before FR. Throughout the study, heifers were housed in individual pens (9 m 2 ) and were fed the same diet (60% forage:40% concentrate) with free access to water. Dry matter intake was measured daily and ruminal pH was measured every 2 min throughout the study. Ruminal fl uid and blood samples were collected on d 3 of the BASE and FR periods, and the temporarily isolated and washed reticulo-rumen technique was used to evaluate short-chain fatty acid (SCFA) absorption on d 5 of the BASE and FR periods. Total tract barrier function was evaluated starting on d 2 of the BASE and FR periods using a pulse dose of Cr-EDTA followed by 48 h of total urine collection. Data were analyzed using the Proc Mixed procedure of SAS with the fi xed effects of block, treatment, period, and the treatment × period interaction, the random effect of cow nested in block with period included as a repeated measure. Dry matter intake did not differ among treatments during BASE but, as imposed by the experimental model, DMI during FR relative to BASE equated to 70, 49, and 25%, which was close to the targeted values of 75, 50, and 25% (treatment × period, P < 0.001). A treatment × period interaction (P < 0.001) was also detected for ruminal SCFA concentration with the concentration decreasing as the severity of FR increased, whereas there were no differences during BASE. Mean ruminal pH increased during FR with increasing severity of FR, but was not different during BASE (treatment × period, P < 0.001). Absorption of SCFA across the reticulorumen tended to decrease with increasing severity of FR (P = 0.08). For individual SCFA, acetate absorption (mmol/h) tended (P = 0.057) to be less for FR25 and FR50 when compared with FR75 and decreased (P = 0.05) by almost 70 mmol/h at FR25 and FR50 relative to BASE (322mmol/h). Heifers restricted to 25% (FR25) feed had greater urinary Cr recovery during FR than BASE, whereas no changes were detected for FR75 and FR50. This study indicates that moderate severities of short-term FR decrease the absorptive function of the reticulo-rumen, but more severe FR is required to compromise total tract barrier function in beef cattle.
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INTRODUCTION
Although beef and dairy cattle are generally fed to optimize energy and protein intake, a number of stressors within the production chain may induce short-term periods of feed restriction (FR). For example, abrupt weaning of beef calves results in dramatic changes in behavior including increased vocalization and walking time, and decreased eating and lying time (Price et al., 2003; Haley et al., 2005) . This change in activity results in a loss of BW 3 to 5 d after separation from their dams, which likely corresponds to short-term FR (Stookey and Watts, 2007) . Marketing, transportation, and receiving at a feedlot may also induce short-term FR. This is evident as newly arrived calves typically consume 0.5 to 1.5% of their BW during the fi rst week, 1.5 to 2.5% of their BW in the second week, with normal intakes (2.5 to 3.5%) only being achieved between the second to fourth week after arrival . For dairy cows approaching parturition, DMI has been shown to decrease by 32% during the fi nal 3 wk of gestation with 89% of that decline occurring in the fi nal week before parturition (Hayirli et al., 2002) . Other examples for when short-term FR may occur in cattle include when experiencing metabolic (Duffi eld et al., 1998; Duffi eld, 2000; Goldhawk et al., 2009) or digestive disorders, such as ruminal acidosis (Fulton et al., 1979; Carter and Grovum, 1990; Owens et al., 1998) , and when cattle experience heat-stress (Maust et al., 1972; Knapp and Grummer, 1991; Holter et al., 1996) . Despite the evidence for the occurrence of short-term FR under industry settings, few studies have evaluated the effects of short-term FR on the function of the gastrointestinal tract in ruminants.
Previous studies investigating chronic FR for sheep have showed that restricting feed intake to 50% of the maintenance requirement (Perrier et al., 1994) or 50% of ad libitum DMI (Doreau et al., 1997) decreased ruminal short-chain fatty acid (SCFA) absorption. This negative response may occur acutely as short-term feed deprivation (48 h) has been shown to cause a reduction in SCFA absorption rates across the reticulo-rumen (Gäbel et al., 1993) in sheep and increases passive permeation of 3-O-methyl-α-D-glucose, an indicator of compromised barrier function (Gäbel and Aschenbach, 2002) . Although chronic FR and short-term feed deprivation have been shown to have negative effects on the function of the gastrointestinal tract in ruminants, there is currently a lack of data describing whether shortterm FR affects the absorptive and barrier function of the gastrointestinal tract in ruminants and whether the severity of the FR event affects the outcome.
Our hypothesis was that short-term FR (5 d) would negatively impact the absorptive function of the reticulo-rumen and the barrier function of the gastrointestinal tract with greater effects as the severity imposed increases. Therefore, our objective was to determine whether the severity of short-term FR affects SCFA absorption across the reticulo-rumen and total-tract barrier function.
MATERIALS AND METHODS
Animal use for this experiment was preapproved by the University of Saskatchewan Animal Research Ethics Board (protocol number 20100021) and was in accordance with the guidelines of the Canadian Council of Animal Care (Ottawa, ON, Canada).
Experimental Design and Animals
Eighteen Angus × Hereford heifers that had been previously fi t with a ruminal cannula (model 9C; Bar Diamond Inc., Parma, ID) and ovariectomized at the time of surgery were used in this study. Heifers were housed at the University of Saskatchewan Livestock Research Building and were assigned into 3 blocks based on initial BW. The mean ± SD values for BW at the start of each block were 384.2 ± 8.5, 412 ± 14.4, and 429.8 ± 16.5 kg, respectively. Blocks were staggered to facilitate the experimental measurements with block 1, 2, and 3 being initiated on March 20, May 5, and June 27, 2011, respectively. Within block, heifers were randomly assigned to 1 of 3 treatments that differed in the severity of FR. The experiment consisted of 14-d for adaptation followed by 5 d for baseline (BASE) measurements and 5 d of FR. Treatments were imposed during FR such that heifers were either restricted to 75 (FR75), 50 (FR50), or 25% (FR25) of voluntary intake relative to that measured during BASE. Throughout the study, heifers were fed the same diet (Table 1 ) once daily at 0800 h with water available at all times. The diet was formulated to meet or exceed nutrient requirements according to NRC (2000) , except during FR.
Data and Sample Collection
Dry Matter Intake. Feed intake was measured daily for the fi rst 4 d during each of the BASE and FR periods by measuring the weight of the feed offered and the weight of the feed that was refused. Throughout the study, forage samples (grass hay and barley silage) were collected twice weekly and concentrate feeds (barley grain and the mineral and vitamin pellet) were collected once weekly. All feed and refusal samples were dried in a forced air oven at 55°C until achieving a constant weight and ground to pass through a 1-mm screen (Christy & Norris 8" Lab Mill; Christy Turner Ltd., Chelmsford, UK). Dry matter intake was determined as the difference between the weight of the DM offered and the DM refused. Feed samples were composited by block for chemical analysis.
Feed ingredient samples were analyzed for DM, ash, CP, fat, and NDF. The analytical DM content was determined according to the Association of Offi cial Analytical Chemists (AOAC) for DM by drying at 105°C for 2 h (AOAC, 1990; method 930.15) . Ash content was determined by combustion at 600°C for at least 5 h (AOAC, 1990; method 942.05) , and the OM content was calculated by difference. Neutral detergent fi ber was determined using α-amylase and sodium sulphite (Van Soest et al., 1991) and the ANKOM digestion apparatus (model A200; ANKOM Technology Corp., Fairport, NY). The nitrogen content was determined using fl ash combustion (LECO FR-528 analyzer; LECO, St. Joseph, MI), and the CP content was calculated by multiplying the N concentration by 6.25. Ether extract was determined using a Goldfi sch extraction apparatus (Labconco, Kansas City, MO; Rhee, 2005) . Dietary nutrient composition was calculated mathematically using the nutrient composition and proportion of each individual feed ingredient (Table 1) .
Ruminal pH and SCFA Concentration. Ruminal pH was measured every 2 min for the fi rst 4 d of each the BASE and FR periods using the Lethbridge Research Centre Ruminal pH Measurement System (LRCpH; Dascor, Escondido, CA; Penner et al., 2006) . Before insertion, mV readings were recorded during incubation of the electrodes in pH buffers 7.0 and 4.0. The LRCpH was then placed in the ventral sac of the rumen and was maintained in that region using 2 kg of weight attached to the electrode shroud. On d 5 of each measurement period, the pH systems were removed from the rumen, rinsed, and maintained at 39°C until the data were downloaded and post-measurement standardizations were complete. The shift in mV readings between preincubation and postincubation standardizations was assumed to be linear over time and was used to convert the recorded mV readings to ruminal pH. The daily ruminal pH values were summarized as minimum pH, maximum pH, and mean pH. In addition, the daily duration (min/d), area (pH × min/d), and acidosis index (pH × min/kg of DMI) that ruminal pH was below 5.5 were calculated (Penner et al., 2009b) .
Ruminal fl uid samples were collected every 4 h over a 24-h period starting from 0800 h on d 3 of both the BASE and FR periods. Whole ruminal digesta was collected from 3 different regions (250 mL/region; cranial, ventral, and caudal), combined, and immediately strained through 2 layers of cheesecloth. Ruminal fl uid was mixed well and 10 mL was added to 2 mL of 25% (w/v) meta-phosphoric acid and stored at -20°C. The SCFA concentration was determined using the method described by Khorasani et al. (1996) .
Blood Sampling and Analysis. Catheters were placed in the jugular vein 1 d before blood sampling with blood collected every 4 h over a 24-h duration on the same day and at the same time as ruminal fl uid sampling. Blood (10 mL) was collected into containers containing 148 IU units of Li-heparin or a silica gel (BD, Franklin Lakes, NJ). For plasma, blood samples were centrifuged immediately at 2500 × g for 15 min at 4°C, whereas samples used for serum were allowed to clot for 4 h before being centrifuged. Harvested plasma and serum were stored at -20°C until analysis.
The concentrations of glucose and β-hydroxybutyrate (BHBA) were determined in plasma. According to Penner et al. (2009c) , glucose concentration was determined using a glucose oxidase-peroxidase enzyme (P7119; Sigma-Aldrich, Oakville, ON, Canada) and dianisidinedihydrochloride (F5803; Sigma-Aldrich, Oakville, ON, Canada). Absorbance was determined with a plate reader at a wavelength of 450 nm. Plasma BHBA concentration was measured according to Williamson et al. (1962) using the enzymatic oxidation of BHBA to acetoacetate with 3-hydroxybutratedehydrogenase (H6501; Roche, Mississauga, ON, Canada). The color change associated with the reduction of NAD to NADH was determined using a plate reader (340 nm; SpectraMax PLUS384; Molecular Devices Corp). A commercial kit was used to determine serum NEFA concentration (NEFA-HR 2; Wako Diagnostics, Richmond, VA).
Short-Chain Fatty Acid Absorption. The temporarily isolated and washed reticulo-rumen technique (WRR; Care et al., 1984) was used to evaluate the rate of SCFA absorption. One heifer of each treatment group, within block, was subjected to the WRR procedure at 0900 h, whereas the second heifer was subjected to WRR at 1300 h. Measurements were conducted on OM, g/kg DM 923 ± 1.2 CP, g/kg DM 112 ± 3.5
Fat, g/kg DM 18 ± 0.4 NDF, g/kg DM 401 ± 4.4 1 Values reported are the means ± SEM for 4 barley silage, 4 grass hay, 3 barley grain, and 3 mineral and vitamin pellet sample composites 2 The pellet contained 21.9% barley grain, 29.6% beet pulp, 26.7% canola meal, 0.65% salt, 0.5% micro-mineral premix (0.14% sodium selenite, < 0.01% iodine, < 0.01% cobalt carbonate, 0.11% copper sulfate, 0.09% manganous oxide, 0.11% zinc oxide, 0.01% vitamin A, < 0.01% vitamin D, 0.05% vitamin E), 12.8% mono-calcium phosphate, 7% limestone, 0.39% molasses and 0.13% monensin.
the last day of BASE and FR. To perform the WRR, the reticulo-rumen contents were completely evacuated and stored in an insulated container. The reticulo-rumen was then washed twice with tap water (39°C) followed by 4 consecutive washes (5 L/wash) with a preheated washing buffer solution (39°C, pH 6.2). The washing buffer solution contained (mM) NaCl (105), Na-acetate (10), Na-propionate (20), and NaHCO 3 (25). The reticulorumen was then isolated from the rest of gastrointestinal tract by inserting occluding devices into the esophagus and omasal orifi ce. The esophageal occluding device (University of Leipzig, Leipzig, Germany) consisted of a polyvinylchloride suction core within an expandable rubber cuff. It was connected to a vacuum pump (model N86KT45P; KNF Neuberger Inc., Trenton, NJ) such that saliva was continuously aspirated through the several holes of the suction core. A 75-mL Foley catheter (American Diabetes Wholesale, Pompano Beach, FL) was used to occlude the omasal orifi ce. Placement of these occluding devices prevented saliva infl ow into the reticulo-rumen and liquid outfl ow, and hence resulted in the temporary isolation of the reticulo-rumen from the remainder of the gastrointestinal tract.
After placement of the occluding devices, the reticulo-rumen was washed again with 5 L of washing buffer and the remaining buffer solution was removed completely. Fifteen liters of incubation buffer solution (39°C, pH 6.2) was poured into the rumen and a gassing stone connected to a tube passing through the rumen cannula was positioned in the ventral sac of the rumen to allow for continuous gassing with 100% CO2 throughout the 65 min incubation period. Gassing was used to aid in buffer mixing. The incubation buffer was composed of (mM) CaCl 2 (2), MgCl 2 (2), NaCl (5), KCl (5), Na-acetate (30), K-acetate (35), Na-propionate (35), Na-butyrate (8), butyric acid (7), L-lactic acid (5), NaHCO 3 (25), and Cr-EDTA (2). Samples of the incubation buffer were collected before infusion (directly from the carboy), and through a modifi ed ruminal cannula plug such that samples could be collected via aspiration at 5 and 65 min after infusion without removing the cannula plug. Immediately before each sampling time, the sampling line was fl ushed 3 times with buffer solution (approximately 200 mL) by aspirating and re-infusing incubation buffer from the ventral sac of the rumen. At each sampling time, 5 mL was collected for measurement of osmolality and 35 mL was collected and preserved in 7 mL of 25% (wt/vol) meta-phosphoric acid. After mixing well, samples were frozen and stored at -20°C until being analyzed for SCFA and Cr concentrations. Short-chain fatty acid concentrations were determined as previously described for ruminal fl uid, and Cr concentration was determined using atomic absorption spectrometry (iCE 3000 series; Thermo Fisher Scientifi c Inc., Waltham, MA). The osmolality (Model 3250; Advanced Instruments Inc., Norwood, MA) of the experimental buffer (before infusion with no preservative) was measured in duplicate and had a mean ± SEM of 303 ± 2.9 mOsmol/kg. Rates of SCFA absorption were calculated using the difference between the initial and fi nal concentrations after correction for liquid volume using Cr-EDTA as a marker.
Total Gastrointestinal Tract Barrier Function. To evaluate barrier function, Cr-EDTA was used as a paracellular permeability marker (Saunders et al., 1994) . Chromium-EDTA has been shown to have an approximate mass of 340 Da and size of 10 Å (García-Lafuente et al., 2001) . A Foley catheter (American Diabetes Wholesale, Pompano Beach, FL) was inserted into the bladder 1 d before urine collection. On d 2 of BASE and FR, respectively, a 180 mM solution (1 L) of Cr-EDTA was pulse dosed into the rumen at 0900 h. The timeline and dose were based on the results from a preliminary study in which 2 ruminally cannulated cattle were dosed with either a 100 or 180 mM Cr-EDTA solution (1 L). In the preliminary experiment, total urine collection was measured for 24 h before the dose and for 72 h after infusion with urine output being recorded every 8 h. At each 8-h interval representative samples of the urine were collected to measure Cr-EDTA concentration. From these samples, the cumulative Cr-EDTA excretion ( Fig. 1) was determined. The preliminary study showed that regardless of the dose, more than 96% of the Cr-EDTA that was excreted in urine appeared within 48-h post-ruminal infusion. The recovery of Cr-EDTA in urine for the 100 and 180 mM dose were 7.4 and 11.9%. Thus, in the current study, a 48-h duration and 180 mM dose were chosen, with daily (24 h) urine output being measured. Representative samples of the daily urine output were collected, and stored at -20°C until being analyzed from Cr concentration as described by Vicente et al. (2004) using atomic absorption spectrometry as previously described.
Statistical Analysis
Statistical analysis was performed using the PROC MIXED procedure (SAS Inst. Inc., Cary, NC). The statistical model was designed to evaluate whether treatment, period, and treatment × period effects occurred. For this model, treatment, experimental period, and block were considered as fi xed effects and cow within block was treated as random effect. Experimental period was considered as a repeated measure and the covariance error structure for each dependent variable that yielded the lowest Akaike's and Bayesian Information Criterion was used. For WRR data, the timing of the WRR procedure was also tested (i.e., morning vs. af-ternoon) using time of the WRR as a fi xed effect. In all cases, there was no effect of time for WRR data and thus, time of the WRR procedure was removed from the model. Differences were considered signifi cant when P ≤ 0.05 and tendencies are discussed when 0.05 < P < 0.10]. When the treatment × period interaction was signifi cant, only interaction data are shown (means, SEM, and P value). For dependent variables that were not affected by a treatment × period, the main effects of treatment period and the SEM associated with each fi xed effect are presented.
RESULTS

Dry Matter Intake and Ruminal Fermentation
A treatment × period interaction was detected for DMI (P < 0.001, Table 2 ). During BASE, DMI (pooled treatment means = 11.1 kg/d) was not different among treatments, but as expected, DMI during FR was less than BASE with the least values observed for FR25 (2.7 kg/d), intermediate for FR50 (5.3 kg/d), and the greatest for FR75 (8.3 kg/d). Thus, DMI during FR relative to DMI during BASE equated to 70, 49, and 25%, which was close to the targeted values of 75, 50, and 25%, respectively. Although it was not anticipated, some FR75 heifers refused feed within the fi rst 2 d of the FR period. The feed refused accounted for an additional 1.7% of BASE DMI.
A treatment × period interaction was detected for the concentration of total ruminal SCFA (P < 0.001; Table 2 ). During BASE, there were no differences among treatments, but total SCFA concentration decreased from BASE to FR for all treatments. Furthermore, severity of FR affected total SCFA concentration during FR with the lowest concentration observed for FR25, intermediate for FR50, and greatest for FR75. Interactions between treatment and period were not detected for the molar proportion of SCFA (P ≥ 0.10). The molar proportion of acetate and butyrate were not affected by treatment, but propionate was lower for FR25 than for FR75 and FR50 (Table 3) . Relative to BASE, the proportion of acetate tended to be greater (P = 0.09) and propionate was lower (P = 0.033) during FR, although butyrate was not affected.
Minimum, mean, and maximum ruminal pH values were all affected by a treatment × period interaction (P ≤ 0.002; Table 4 ). Minimum, mean, and maximum pH values were not different among treatments during BASE. However, during FR, minimum pH was highest for FR25, lowest for FR75, but those restricted to 50% (FR50) were not different from either FR25 or FR75. Mean pH during FR was highest for FR25, intermediate for FR50, and lowest for FR75, whereas maximal pH was higher for FR25 than for FR50 and FR75. In general, mean pH increased by 0.48, 0.64, and 0.79 pH units for FR75, FR50, and FR25 during FR relative to BASE.
There were no interactions between treatment and period for duration, area, or the acidosis index (P ≥ 0.10; Table 5 ). Likewise, treatment did not affect the duration (min/d), area (pH × min/d), or acidosis index (pH × min/kg of DMI) based on a pH threshold of 5.5 (Table 5) , but period effects were detected for all 3 variables (P ≤ 0.004; Table 5 ). An average duration of 122.6 min/d was found in BASE that decreased to only 4.8 min/d during FR. The area that pH was < 5.5 responded similarly with Figure 1 . Recovery of Cr-EDTA in urine as a function of time relative to an intra-ruminal infusion of Cr-EDTA. Results presented are the means ± SEM of 2 cows with 1 cow dosed with a 180 mM Cr-EDTA solution and the other cow dosed with a100 mM Cr-EDTA solution. Total Cr-EDTA recovery for the 180 and 100 mM dose were 412.6 mg (11.92% of the actual dose) and 141.4 mg (7.35% of the actual dose) over 72 h, respectively. a greater value of 24.2 pH × min/d during BASE than 0.4 during FR (P < 0.01). During BASE, the acidosis index was also greater than during FR (2.1 vs. 0.1 pH × min/kg DMI; P < 0.01).
Reticulo-rumen Absorptive Function
Interactions between treatment and period were not detected for SCFA absorption (P ≥ 0.05; Table 6 ). The absolute absorption rate (mmol/h) for total SCFA tended to be affected by treatment (P = 0.08) with the rate numerically decreasing with an increasing severity of FR (Table 6 ). Acetate absorption (mmol/h) also tended (P = 0.06) to decrease with increasing severity of FR, although the absolute absorption rate of propionate and butyrate were not affected by treatment. The fractional rates (%/h) for total SCFA, acetate, and propionate tended to decrease with increasing severity of FR (P ≤ 0.08), whereas butyrate absorption was not affected by treatment (P = 0.25).
The absolute rate of total SCFA absorption also tended (P = 0.09) to decrease from BASE to FR with a numerical reduction equating to more than 100 mmol/h (Table 6 ). Acetate absorption accounted for most of this numerical reduction as the rate was nearly 70 mmol/h less (P = 0.050) during FR than BASE. The fractional rates (%/h) for total SCFA, propionate, and butyrate absorption were not affected by period, although the fractional rate of acetate absorption tended (P = 0.07) to be lower during FR than BASE.
Total Tract Barrier Function
An interaction between treatment and period was observed for urinary Cr recovery (P < 0.001; Fig. 2 ). During BASE, there were no differences among treatments for urinary Cr recovery and Cr recovery did not differ for heifers restricted to FR75 or FR50 during FR. However, heifers restricted to FR25 had greater urinary Cr recovery during FR than BASE with Cr excretion in these heifers being greater than those restricted to FR50 but not FR75.
Blood Metabolites
Plasma glucose concentration was affected by a treatment × period interaction (P = 0.026; Table 7 ). Glucose concentration was greater during FR (84.4 mg/dL) than BASE (77.3 mg/dL) for heifers restricted to FR75, whereas no differences were found between FR50 and FR25 during BASE and FR. For serum NEFA, a treatment × period interaction was detected (P < 0.001). The interaction was the result of NEFA concentrations that were not different among treatments during BASE, whereas heifers restricted to FR25 had greater NEFA concentration than those restricted to FR75 and FR50. Serum BHBA concentration was not affected by treatment (pooled treatment means = 8.2 mg/dL), but period effects were detected (P = 0.034; data not shown) indicating that BHBA concentration in FR (7.7 mg/dL) was less than in BASE (8.7 mg/dL).
DISCUSSION
Feed restriction occurs, albeit inadvertently, in both beef and dairy production systems. Examples for when short-term FR events may occur include weaning (Price et al., 2003; Haley et al., 2005) , during transportation (González et al., 2012) , during the fi rst few weeks on arrival at a feedlot Loerch and Fluharty, 1999) , before and at parturition (Bertics et al., 1992; Hayirli et al., 2002) , when experiencing heat stress (Maust et al., 1972; Knapp and Grummer, 1991; Holter et al.,1996) , and in association with infectious diseases or metabolic and digestive disorders (e.g., displaced abomasum, ketosis; Van Winden et al., 2003; Goldhawk et al., 2009) . The magnitude of the FR event varies substantially depending on the environmental (e.g., heat stress or production practices such as weaning) and host-derived factors (e.g., physiological state or disease status). In fact, previous studies have shown that the severity of FR ranges from a reduction of intake to 68% on d 1 prepartum relative to 21 d prepartum for dairy cattle (Hayirli et al., 2002) to only 25% of expected intake during the fi rst week of feeding for highly stressed, newly received beef calves . The duration of the FR event also varies, with an expected duration of 3 to 5 d after weaning (Stookey and Watts, 2007) , up to 3 wk for newly received feedlot calves with the most severe FR occurring in the fi rst week , and for approximately 1 wk for transition dairy cows immediately before calving (Hayirli et al., 2002) . Thus, it is evident that short-term FR occurs in both beef and dairy production systems. In swine, long-lasting impacts of even short-term FR have been shown on the absorptive and barrier functions of the gastrointestinal tract (Spreeuwenberg et al., 2001; Boudry et al., 2004) . However, the effects of short-term FR on the function of the gastrointestinal tract have not been studied in ruminants. Thus, the current study was designed to evaluate the impact of the severity of shortterm FR on SCFA absorption and total tract barrier function. This was accomplished by restricting the amount of feed offered over 5 consecutive d to 75, 50, or 25% of voluntary intake. The experimental model imposed was successful as actual FR severities equated to 70, 49, and 25% during FR relative to BASE.
Ruminal SCFA, especially butyrate, act as indirect stimulatory molecules promoting proliferation and the metabolic activity of cells within the ruminal epithelia (Sakata and Tamate, 1978; Gorka et al., 2009; Plöger et al., 2012) . Results from the current study confi rm that ruminal pH and SCFA concentration are responsive to the severity of FR (Doreau et al., 1997) and level of DMI (Krause and Oetzel, 2006) . Our results showed that imposing FR to 75, 50, or 25% of ad libitum intake resulted in SCFA concentrations that were 71, 55, and 38% of that measured in BASE. Others have also reported a reduction in SCFA concentration with lower feed intake. For example, Cole et al. (1986) found that short-term feed deprivation for 13 or 46 h resulted in approximately 50 and 70% reductions in SCFA concentration. Others have shown that the reduction in SCFA concentration is due to both a reduction in fermentable substrate and changes in the activity of the rumen microorganisms (Galyean et al., 1981; Cole and Hutcheson, 1985) .
Because SCFA act as stimuli promoting ruminal epithelial function, a reduction in the concentration Table 4 . Interaction between the severity of short-term feed restriction (FR) and measurement period on minimum, mean, and maximum ruminal pH 1 Values refer to the percentage of feed offered during FR relative to that consumed during a 5-d baseline (BASE) period immediately preceding FR. During FR, heifers were restricted to 75 (FR75), 50 (FR50), or 25% (FR25) of the DMI measured during BASE. Table 5 . The effect of the severity of short-term feed restriction (FR) and measurement period on indicators for ruminal acidosis using pH 5.5 as a threshold 3 Used to normalize the area that pH was below 5.5 and account for DMI (Penner et al., 2009b) . Interaction between the severity of short-term feed restriction and measurement period for urinary Cr recovery during baseline and feed restriction (P < 0.001). Heifers were fed ad libitum during the baseline period with the amount of feed offered restricted to 75% (FR75; white bars), 50% (FR50; grey bars), or 25% (FR25; black bars) during feed restriction. Means ± SED with uncommon letters differ across treatments and periods (P < 0.05).
may reduce the stimuli present and thus may not promote epithelial capacity and tissue integrity to the same extent. Supporting this notion, Doreau et al. (1997) showed that mature sheep exposed to chronic FR (to approximately 1% of BW for 5 wk) had an absolute absorption rate for total SCFA that was 32% lower than that of sheep provided feed at a level close to voluntary intake (approximately 1.9% of BW). Although the severity of short-term FR only tended to affect total SCFA absorption in the current study, the absolute absorption rate of total SCFA also tended to be lower during FR than BASE with the extent of the reduction equating to more than a 100 mmol/h. Much of this reduction (nearly 70 mmol/h) can be accounted for by a lower absorption rate of acetate during FR than BASE. This fi nding was further supported with a tendency for decreasing fractional (10%/h) rate of acetate absorption as the severity of short-term FR increased.
The reason for why acetate absorption was reduced without parallel reductions for other SCFA is not currently known and differs from previous studies evaluating chronic FR (Perrier et al., 1994; Doreau et al., 1997) or short-term complete feed deprivation (Gäbel et al., 1993) . In the studies of Perrier et al. (1994) , Doreau et al. (1997), and Gäbel et al. (1993) , the authors demonstrated that short-term feed deprivation or chronic FR, respectively, reduced the absolute rates of acetate, propionate, and butyrate absorption; however, Gäbel et al. (1993) did report a greater reduction in acetate absorption than butyrate after feed and water deprivation. Certainly, there are differences in the model used in the current study and the previous studies including the duration of the FR imposed (Perrier et al., 1994; Doreau et al., 1997) , and that we did not completely withhold feed (Gäbel et al., 1993) . However, recent studies have also shown that the reliance on protein-mediated transport pathways is greater for acetate than butyrate (Aschenbach et al., 2009; Penner et al., 2009a) . Thus, it could be hypothesized that short-term FR has a negative effect on the activity of ruminal epithelial cells or downregulates transcription, translation, or post-translational modifi cation of proteins involved in acetate absorption. This adaptation would seem to be a logical approach to reduce the energy required by the ruminal epithelia for protein synthesis when energy supply is low and would be favored from a physiological perspective over general reductions in selective permeability that occur with acid-induced damage (Gäbel et al., 1987; Penner et al., 2010) or complete feed deprivation (Gäbel and Aschenbach, 2002) . Future work is needed to determine whether changes in the expression of SCFA transporters occur at the mRNA and protein levels to help identify the mechanisms explaining 3 Disappearance from the reticulo-rumen was assumed to be equal to absorption.
the observed response. This may be especially important given the wide range in stratum basal cell turnover (1 to 7.9 d) and total ruminal epithelia turnover (2.3 to 17 d; Goodlad, 1981) . Candidate proteins for acetate transporters include downregulated in adenoma and putative anion transporter 1 that have been suggested as anion exchangers on the apical side of the epithelium, or potentially anion exchanger 2, which is involved in intracellular pH homeostasis and is thought to function as an anion exchange protein exporting acetate to portal circulation in exchange for bicarbonate (Bilk et al., 2005) . The lack of response for butyrate absorption suggests that passive diffusion of SCFA and intracellular metabolism of SCFA were likely not affected by short-term FR beyond the general reduction in SCFA supply associated with FR. Future studies are needed to elucidate the underlying mechanisms causing the reduction in acetate absorption with short-term FR and to develop strategies to mitigate this response.
For ruminants, only a few studies have evaluated barrier function in either ruminal epithelia (Lodemann and Martens, 2006; Penner et al., 2010; Wilson et al., 2012) or the intestinal epithelia (Emmanuel et al., 2007) . However, the importance of promoting selective permeability should not be underemphasized (Penner et al., 2011; Wilson et al., 2012) as numerous studies have demonstrated that pathogenic bacteria (Narayanan et al., 2002; Nagaraja et al., 2005) , antigens such as lipopolysaccharides (Gozho et al., 2005 (Gozho et al., , 2006 Zebeli and Ametaj, 2009) , endotoxins (Nagaraja et al., 1978a,b; Khafi pour et al., 2009) , and biological amines (e.g., histamine; Irwin et al., 1979; Plaizier et al., 2008) are present in ruminal fl uid. Importantly, many of these compounds have been linked to other disorders or diseases such as laminitis (Vermunt, 1992; Nocek, 1997) , liver abscesses (Lechtenberg et al., 1988; Nagaraja and Chengappa, 1998) , and acute interstitial pneumonia (Loneragan et al., 2001) . Thus, it is critical to understand how dietary and management factors affect the barrier function of the gastrointestinal tract; however, methodology to do so has not been tested in ruminants until the current study.
As such, we developed a method to assess total tract barrier function in ruminants using a similar approach as used for rats (Eutamene et al., 2007) . This involved applying a pulse-dose of Cr-EDTA solution into the rumen coupled with 48 h of total urine collection. Chromium-EDTA recovery in urine equated to 8% of the total Cr-EDTA recovery across treatments during BASE and 11.6% during FR. Chromium-EDTA movement across the gastrointestinal epithelia is largely via paracellular processes (García-Lafuente et al., 2001; Schweigel et al., 2005) and Cr-EDTA appearance in urine is used as an indicator of intestinal barrier function in humans (Ten Bruggencate et al., 2006) . Although Cr-EDTA passage is a good indicator of paracellular permeability, Cr-EDTA (approximately 340 Da) is much smaller than most endotoxins (range in molecular mass between 2 and 70 kDa; Magalhães et al., 2007) . As such, barrier function evaluated using Cr-EDTA does not directly indicate potential for endotoxin translocation; however, it is a suitable indicator of generalized barrier function. Thus, we evaluated 48-h urinary Cr appearance as an indicator of total tract barrier function according to the timeline of Cr-EDTA excretion in urine determined in our preliminary study (Fig. 1) .
Our results demonstrate that barrier function was only compromised under severe short-term FR (FR25) with no negative effects observed for cattle restricted to FR75 or FR50. The negative effects of feed deprivation have previously been shown using isolated ruminal epithelia incubated in Ussing chambers (Gäbel and Aschenbach, 2002) . In that study, a 48-h duration of feed deprivation was induced in sheep and the movement of 3-O-methyl-α-D-glucose, a small hydrophilic molecule, was evaluated. Gäbel and Aschenbach (2002) showed that feed deprivation drastically increased the passive movement of 3-O-methyl-α-D-glucose across the ruminal epithelium, indicating a reduction in barrier function (Gäbel and Aschenbach, 2002) .The reduction in barrier function could be expected to lead to greater risk for immune system activation and risk for other diseases; however, this has not been tested in vivo. Future studies should be conducted to establish the importance of selective permeability of several segments of the gastrointestinal tract and its implications on animal health and performance in cattle.
In conclusion, regardless of severity of short-term FR imposed, our study has demonstrated that FR reduces SCFA absorption across ruminal epithelium which is mainly because of the decreased acetate absorption rate, whereas total tract barrier function is only affected by severe FR. Further studies on the mechanisms of acetate absorption and tight junction ultrastructure under shortterm FR conditions, as well as the strategies to minimize these effects, need to be conducted. AOAC.1990 . Offi cial Methods of Analysis.15th ed. Assoc. of Off.
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